Abstract. Radiation-induced heart disease (RIHD) is becoming an increasing concern for patients and clinicians alike due to the use of radiotherapy for the treatment of breast cancer, Hodgkin's lymphoma, pediatric cancer and tumors of the thorax. However, the mechanisms underlying this phenomenon remain largely unknown. As the senescent cell fraction following irradiation is known to increase, in the present study, we investigated whether ionizing radiation (IR) causes the onset of heart disease by inducing cellular senescence in cardiomyocytes. In the present study, we evaluated the effects of IR on HL-1 and H9C2 cells, cells predominantly used in in vitro myocardial cell models. We found that the exposure of the HL-1 and H9C2 cells to IR induced reactive oxygen species (ROS)-mediated cellular senescence, as shown by staining of senescence-associated β-galactosidase (SA-β-gal). The levels of ROS in irradiated cells were determined using the fluorescent dye, 2' , 7'-dichlorodihydrofluorescein diacetate (DCF-DA). Notably, the expression of corin, a cardiac protease that is essential for the proteolytic cleavage of natriuretic peptides, was significantly decreased following the exposure of the cells to IR. Importantly, the knockdown of corin by RNA interference enhanced IR-induced senescence. On the contrary, the overexpression of natriuretic peptides reversed the IR-induced senescence. Taken together, our data suggest that defects in corin function and the inhibition of natriuretic peptides following exposure to IR may contribute to the development of RIHD through the acceleration of cellular senescence.
Introduction
Late side-effects of anticancer treatment, such as recurrence, secondary cancer and normal tissue injury from radio-and chemotherapy, are clinical issues faced by cancer survivors. Radiation-induced heart disease (RIHD) is a frequent and serious adverse effect of cancer therapy, affecting the survival and quality of life of patients (1) . RIHD may occur among patients with breast cancer and Hodgkin's lymphoma, as well as in pediatric cancers, as in these patients, irradiation fields can encompass all or part of the heart (2). Some cancer patients treated with ionizing radiation (IR) have been shown to exhibit increased cardiovascular morbidity several years following the administration of radiotherapy (1, 2) . The cardiovascular complications of radiotherapy include atherosclerosis, myocardial degeneration and valve dysfunction (3) . Although numerous studies performed over the years have expanded our understanding of RIHD, the mechanisms responsible for RIHD remain largely unknown. The only available strategies for preventing the development of RIHD involve reducing the doses of radiotherapy to the heart. Although the radiation doses to the heart have decreased in recent years, they still remain high.
Exposure to IR results in the generation of reactive oxygen species (ROS) that cause damage to DNA, proteins and lipids (4) . The formation of excessive ROS has been implicated in the aging process and the pathogenesis of cardiovascular diseases (5) . Cellular senescence is a physiological process of biological aging through which cells lose their ability to divide and proliferate and contributes to various physiological and pathological processes of aging. Senescence is induced in response to various factors, including IR, that encompasses irreversible growth arrest, normal tissue repair and tumor suppression (6) . Whereas replicative senescence has been shown to be associated with telomere shortening after repeated cell division, IR-induced premature senescence occurs in response to DNA damage and occurs independently of telomere dysfunction (7) .
Natriuretic peptides are polypeptide hormones that are secreted by the myocardium. These proteins act as powerful regulators of blood pressure and body fluid homeostasis. In addition to their endocrine functions, natriuretic peptides exert autocrine activity that inhibits abnormal cardiac hypertrophy (8) . Corin has been identified as a cardiac protease that targets natriuretic peptides, proteolytically cleaving pro-atrial natriuretic peptide (ANP) and pro-brain natriuretic peptide (BNP) to produce the corresponding active hormone forms (9, 10) . The physiological significance of the function of corin has been demonstrated in studies using experimental animal models, where the disruption of the corin gene has been shown to cause hypertension and cardiac hypertrophy (11) . Moreover, in patients with heart failure, corin variants have been demonstrated to be related to poor natriuretic peptide processing and overall clinical outcomes (12) . These data suggest that a corin-deficient status may be a major contributor to the onset of cardiovascular diseases and raises the possibility that the pathophysiological function of corin is relevant in the context of radiation-induced cardiac tissue injury.
Although heart muscles have been reported to be resistant to IR, analyses of RIHD have revealed an associated dysfunction of cardiomyocytes (13) . To the best of our knowledge, there is no study available to date on the association between RIHD and the IR-induced cellular senescence of cardiomyocytes. Thus, in the current study, we focused on the involvement of cellular senescence and possible alterations in corin expression levels in the development of RIHD. We found that exposure to radiation induced ROS-mediated cellular senescence in HL-1 and H9C2 myocardial cells. Notably, corin expression was significantly decreased by the IR-induced production of ROS in these cells through post-translational regulation. Importantly, the knockdown of corin by RNA interference enhanced the IR-induced senescence. On the contrary, the overexpression of ANP and BNP reversed the IR-induced senescence. Therefore, these data suggest that defects in corin function and the reduction of the natriuretic peptide level in response to IR may contribute to RIHD through the enhancement of cellular senescence.
Materials and methods
Materials. N-acetylcysteine (NAC), cycloheximide and hydrogen peroxide used in this study were obtained from Sigma-Aldrich (St. Louis, MO, USA). The senescence staining kit (ab65351) and antibodies against corin (ab125254) were purchased from Abcam (Cambridge, MA, USA). Predesigned small inhibitory RNAs (siRNAs) specific for corin (si-corin; 1341918) and for negative control (si-control, SN-1001) were purchased from Bioneer (Seoul, Republic of Korea). Antibodies against ANP (sc-18811), hemagglutinin (HA, sc-805), furin (sc-20801), dipeptidyl peptidase IV (sc-9153), and β-actin (sc-47778) were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Antibody against BNP (bs-2207R) was purchased from Bioss (Kensington, Australia Senescence-associated β-galactosidase (SA-β-gal) staining. The cells were stained for SA-β-gal activity as previously described (14) . Briefly, the cells were washed in PBS, fixed for 10 min (room temperature) in 3% formaldehyde. The cells were then incubated at 37˚C with fresh senescence-associated (SA-β-Gal) staining solution: 1 mg of 5-bromo-4-chloro-3-indolyl P3-D-galactoside (X-Gal) per ml (stock = 20 mg of dimethylformamide per ml)/40 mM citric acid/sodium phosphate, pH 6.0/5 mM potassium ferrocyanide/5 mM potassium ferricyanide/150 mM NaCl/2 mM MgCl 2 . Staining was evaluated after a 16-h incubation at oven temperature in a CO 2 
Reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was extracted and reverse transcribed using Omniscript transcriptase (Qiagen, Hilden, Germany). PCR amplifications were performed using the following primer pairs: corin, 5'-ACC TCT CCT GCA GAG TCC CT-3' (sense) and 5'-ATG TTC CCA CAA AGG ACA GC-3' (antisense); ANP, 5'-GGG GGT AGG ATT GAC AGG ATT-3' (sense) and 5'-CGT GAT AGA TGA AGG CAG GA-3' (antisense); BNP, 5'-GCC AGT CTC CAG AGC AAT TC-3' (sense) and 5'-AAG AGA CCC AGG CAG AGT CA-3' (antisense); GAPDH, 5'-TGC TGA GTA TGT CGT GGA GTC TA-3' (sense) and 5'-AGT GGG AGT TGC TGT TGA AGT CG-3' (antisense). The PCR thermocycling conditions were as follows: 95˚C for 5 min followed by 30 cycles of 94˚C for 45 sec, 60˚C for 2 min and 72˚C for 2 min.
Immunoblot analysis. Protein samples were prepared by extracting the cells using lysis buffer (50 mM Tris-HCl pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 mM sodium orthovanadate, 1 mM NaF, 1 µg/ml aprotinin, 1 µg/ml leupeptin and 1 µg/ml pepstatin). Proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred onto a nitrocellulose membrane. The membrane was incubated with the primary antibody at 4˚C overnight and then with the appropriate peroxidase-conjugated secondary antibody for 1 h at room temperature. Immunoreactive proteins were visualized using enhanced chemiluminescence reagents.
Statistical analysis. All data are expressed as the means ± standard deviation (SD), and the mean values were obtained from at least 3 independent experiments. Statistical significance between 2 groups was determined using a Wilcoxon signed-rank test; a value of P<0.05 was considered to indicate a statistically significant difference. All statistical analyses were performed using IBM SPSS Statistical software version 20.0 (SPSS, Inc., Chicago, IL, USA).
Results

IR induces cellular senescence in HL-1 and H9C2 myocardial cells.
It is well accepted that cellular senescence occurs in response to IR (6, 7, 15) . Thus, it is reasonable to investigate whether the exposure of myocardial cells to radiation results in a senescent phenotype that may be involved in myocardial dysfunction. In this study, before examining the effects of IR on myocardial cell senescence, we examined whether IR induces myocardial cell death through an apoptotic mechanism. FACS analysis of PI-stained cells showed that a 96-h exposure to IR at doses of 8 and 15 Gy induced <10 and 20% apoptosis, respectively (data not shown). Instead of inducing cell death, IR significantly decreased the number of HL-1 and H9C2 cells compared with the untreated control cells, an effect that was dose-dependent ( Fig. 1A and B) . To determine whether the growth-inhibitory effects of IR were due to cellular senescence, we exposed the HL-1 and H9C2 cells to IR and stained for SA-β-gal, a marker of senescent cells (Fig. 1C) . We found that 8 and 15 Gy of IR significantly increased the number of SA-β-gal-positive, senescent cells in both cell lines (Fig. 1D) .
IR-induced ROS production causes senescence of myocardial cells.
To elucidate the mechanisms responsible for IR-induced cellular senescence, we investigated the role of ROS generation, which is generally considered a consequence of radiation exposure and a cause of cellular senescence (16, 17) . Using the fluorescent reactive oxygen probe, DCF-DA, as an indicator, we found that IR increased the generation of ROS in the HL-1 and H9C2 cells ( Fig. 2A) . Pre-treatment with NAC, a scavenger of ROS, blocked the IR-induced generation of ROS in HL-1 cells (Fig. 2B) . Notably, NAC significantly inhibited the IR-induced cellular senescence in the IR-exposed HL-1 cells (as shown by reduced SA-β-gal staining; Fig. 2C ), indicating that ROS is a mediator of IR-induced cellular senescence in myocardial cells.
Corin expression levels are decreased following IR-induced ROS generation in myocardial cells. As previously demon- strated, a corin-deficient state is closely associated with heart failure (11). However, the question of whether the function of corin is critically involved in the process of RIHD has not yet been answered. Therefore, in the present study, we aimed to examine whether IR affects the activity of corin, initially examining the protein levels of corin following the exposure of HL-1 and H9C2 myocardial cells to IR. We found that the corin expression levels were significantly decreased following exposure of the HL-1 and H9C2 cells to IR (8 and 15 Gy) (Fig. 3A) . In immunoblot analysis, the protein levels of furin and dipeptidyl peptidase IV, which are also proteases for natriuretic peptides, were not significantly altered by exposure to radiation in the HL-1 cells, indicating that the effect of IR was selective for corin (Fig. 3B) . Likewise, irradiation for 48 h resulted in a significant reduction in ANP and BNP in HL-1 cells (Fig. 3B) . The requirement of the cyclin-dependent kinase inhibitor, p21, in cellular senescence was confirmed by the upregulation of this protein following irradiation (Fig. 3A) . To investigate whether the IR-induced decrease in corin protein expression is caused by the inhibition of transcription, we determined corin mRNA levels by RT-PCR. The corin mRNA levels were not altered in the cells exposed to IR; the ANP and BNP mRNA levels were also unaltered in these cells (Fig. 3C) . Therefore, the decrease in the protein levels of corin, ANP and BNP induced by IR likely reflects post-translational regulation.
To determine the effect of IR on corin protein stability, we measured protein degradation in the HL-1 cells treated with the protein synthesis inhibitor, cycloheximide. Treatment with cycloheximide decreased corin stability in the IR-exposed cells when compared with the control cells, suggesting that corin stability was decreased by IR (Fig. 3D) . We also transiently transfected the HL-1 cells with an HA-tagged corin construct and then exposed these cells to IR. The high of corin expression levels were decreased following exposure to IR (Fig. 3E ). These observations suggest that IR affects corin protein stability in myocardial cells. Importantly, the decrease in corin, ANP and BNP protein levels in the IR (8 Gy)-exposed HL-1 cells was significantly attenuated by NAC (Fig. 4A) , indicating that IR exerts its effects by promoting the generation of ROS to downregulate these proteins. We confirmed the positive effects of the IR-induced generation of ROS on the reduction of corin protein expression by exposure of the cells to exogenous hydrogen peroxide (100 µM), which resulted in a decrease in corin levels (Fig. 4B) . These results suggest that IR-induced ROS is associated with the decrease in corin expression levels in HL-1 cells.
A corin-deficient status enhances the IR-induced senescence of myocardial cells.
Given that corin may positively regulate cardiac function through the activation of ANP and BNP, we examined whether the IR-induced decrease in corin expression levels is critically involved in the radiation-induced senescence of myocardial cells. To accomplish this, we transfected the HL-1 cells with si-corin and then exposed them to IR. Compared with the effects of IR in the si-control-transfected cells, the IR-induced cellular senescence was enhanced in the corin-deficient cells (Fig. 5A) . The knockdown of corin and the subsequent reduction of ANP and BNP expression levels were confirmed by immunoblot analysis (Fig. 5B) . ANP and BNP are synthesized in cardiomyocytes as propeptides and must be cleaved by corin to be secreted (9, 10) . If the pro-form of natriuretic peptides is not cleaved by corin, it remains in an inactive state. Therefore, to confirm the relevance of corin activity in the proteolytic processing of natriuretic peptides in myocardial cells, we overexpressed V5-tagged ANP and BNP in the si-corin-transfected HL-1 cells and determined the cleavage and release of ANP and BNP into the culture medium. The pro-form of each natriuretic peptide with a C-terminal V5 tag was detected in the cell lysates by immunoblot analysis, and the active forms of ANP and BNP were detected in the medium as 25-35 and 12-17 kDa bands, respectively. However, in the corin-deficient HL-1 cells, the protein levels of pro-ANP and pro-BNP, which were not completely cleaved, were increased in the cell lysates. Conversely, there was a decrease in the amount of active ANP and BNP forms in the culture medium (Fig. 5C) . Collectively, these results indicate that the IR-induced inhibition of corin and the subsequent reduction in natriuretic peptides are critically involved in the cellular senescence response to IR in myocardial cells.
Overexpression of natriuretic peptides reverses the IR-induced senescence of myocardial cells.
If IR-induced senescence is indeed caused by the inhibition of corin and a subsequent decrease in ANP and BNP levels, the overexpression of these peptides should rescue cells from IR-induced senescence. In order to confirm this hypothesis, the HL-1 cells were transfected with V5-tagged ANP and BNP. The overexpression of ANP and BNP partially reversed the IR-induced senescence of HL-1 cells (Fig. 6A) . The corin expression levels in the cell lysates and the expression of V5-tagged ANP and BNP proteins in the cell lysates and culture medium were confirmed by immunoblot analysis. Although the levels of the pro-forms of ANP and BNP were increased in the irradiated cell lysates, the active forms of ANP and BNP in the culture medium were reduced (Fig. 6B) .
Discussion
Despite advances in radiotherapy safety, RIHD may occur among patients with breast cancer and Hodgkin's lymphoma, as well as in childhood cancers and in other types of cancerfollowing treatment with radiation where the heart is also exposed (3). Although RIHD is becoming a great concern for cancer patients and clinicians, there are only a few methods available to prevent or reverse RIHD, and the underlying biological mechanisms remain poorly understood. Importantly, in vivo studies have suggested that myocardial degeneration and fibrosis are involved in the pathogenesis of RIHD (13) . Sridharan et al (18) demonstrated that a cardiac inflammatory response is a major reaction of the heart to irradiation. Another important finding is that IR causes alterations in cardiac mitochondria, resulting in oxidative stress that may ultimately lead to dysfunction of the myocardium (19) . Given that oxidative stress has been suggested to be a major contributor to IR-induced heart damage, researchers have investigated the effects of antioxidants on radiation injury as part of an effort to establish potential therapeutic agents against RIHD (20) . However, the underlying mechanism(s) remain unknown, and therapeutic strategies for the treatment or prevention of RIHD remain in the pre-clinical stage (2) . Thus, investigations into the mechanisms of RIHD, as well as the identification of novel therapeutic targets and the development of effective strategies for the prevention of RIHD are essential.
To investigate the molecular mechanisms responsible for the development of RIHD, we examined the effects of IR in myocardial cells. We found that IR induced ROS-mediated cellular senescence in myocardial cells (Figs. 1 and 2 ). This increase in the senescence of IR-exposed myocardial cells was associated with a decrease in corin expressino levels and the inactivation of natriuretic peptides (Figs. 3 and 4) . Importantly, the knockdown of corin enhanced the IR-induced senescence of myocardial cells (Fig. 5) . By contrast, the overexpression of ANP and BNP reversed this phenomenon (Fig. 6) . Overall, these observations suggest that the senescence of the myocardium and its progressive degeneration, caused by a decrease in corin expression and its substrates, may be involved in the pathogenesis of RIHD.
Corin is known as an essential protease for processing pro-natriuretic peptides in cardiomyocytes and thereby regulates multiple physiological functions in the cardiovascular system (9) . The fact that corin has been placed center-stage in the study of the progression of heart diseases highlights the importance of exploring the association between corin expression and RIHD severity and/or phenotype in cancer patients receiving radiotherapy (21) . The two most intensively studied substrates of corin, ANP and BNP, are closely linked to compensatory mechanisms in failing hearts (11, 21) . An elevation in BNP levels has been suggested to reflect an attempt to correct a serious dysfunction of the heart (22) . Significantly, a synthetic natriuretic peptide analogue has been used clinically in patients with heart failure (12, 22) . However, the potential use of natriuretic peptide analogues in cancer patients receiving radiotherapy is underappreciated, and may represent a promising therapeutic strategy in RIHD.
Importantly, it has been shown that corin expression is downregulated during heart failure (11, 21) . Soluble corin is detected in human plasma, and its levels are decreased in patients with heart failure (21). In addition, high levels of the pro-form of plasma natriuretic peptides have also been found in cardiovascular disease patients (23) . In agreement with these studies, our results demonstrated that corin and the active forms of natriuretic peptides were decreased in response to IR in myocardial cells. The IR-induced decrease in corin protein expression was accompanied by a decrease in corin protein stability without a change in mRNA levels, suggesting a post-translational mechanism (Fig. 3) . Similar to the decrease observed in corin protein stability, both the levels of ANP and BNP were also significantly reduced by IR (Fig. 3B and C) . The mechanisms behind this concomitant decrease in proteases and their substrates remain unresolved, as it is questionable whether the loss of corin function is the reason underlying the decrease in ANP and BNP levels. Further studies are required to clarify the association between the reduction in corin protein levels and the decrease in the active forms of natriuretic peptides in irradiated myocardial cells.
Since corin is generally considered the master protease of natriuretic peptides, we overexpressed V5-tagged ANP and BNP in HL-1 cells in conjunction with si-corin transfection or IR exposure to evaluate the corin-mediated processing of ANP and BNP. Importantly, the knockdown of corin or exposure to IR increased the pro-form of natriuretic peptides and subsequently decreased the active forms of ANP and BNP (Figs. 5C and 6B). These results suggest that a lesser degree of active natriuretic peptides cleavage ensues as a consequence of the IR-induced decrease in corin expression levels.
However, the decrease in the active forms of natriuretic peptides in the culture medium as a result of the knockdown of corin or the IR-induced decrease in corin expression levels was only partial (Figs. 5C and 6B), suggesting that the pro-forms of natriuretic peptides may be processed by other proteases, such as furin and dipeptidyl peptidase IV, which are expressed in HL-1 cells (11, 24) . Although the natriuretic peptide processing induced by IR was incomplete (Fig. 6B) , the overexpression of ANP and BNP reversed the IR-induced senescence of HL-1 cells (Fig. 6A) . It remains to be determined whether IR affects the enzymatic activity of multiple proteases, including furin and dipeptidyl peptidase IV in cardiomyocytes.
Future studies on senescence in the myocardium and changes in the expression levels of corin and natriuretic peptides in vivo using experimental animal models of RIHD are required to provide fundamental information on the diagnosis and prognosis of RIHD, as well as on the therapeutic applications of natriuretic peptide analogues. In view of our findings, corin may be required for appropriate myocardial function during or following exposure to IR. Additionally, the modulation of corin activity and treatment with natriuretic peptides analogues, which are valuable for further understanding the myocardial responses to IR, may become possible therapeutic strategies for RIHD.
